Dynamical coupled-channel study of K*K* and u(f) states in a chiral quark model 
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A dynamical coupled-channel study of K* K* state with isospin and uitf) state is performed 
within both the chiral SU(3) quark model and the extended chiral SU(3) quark model by solving 
a resonating group method (RGM) equation. The model parameters are taken from our previous 
work, which gave a satisfactory description of the energies of the octet and decuplet baryon ground 
states, the binding energy of the deuteron, the nucleon-nucleon (NN) scattering phase shifts, and 
the hyperon-nucleon (YN) cross sections. The results show that the interactions of K*K* states 
are attractive, which consequently result in K* K* bound states with the binding energies of about 
10 — 70 MeV, and contrarily, no uxj) bound state is obtained. The channel coupling effect of K* K* 
and u)(j> is found to be considerably large, which makes the binding of K* K* 5 — 45 MeV deeper. The 
plausible interpretation of /o(1710) and X(1812) being K* K* dominated states is briefly discussed. 

PACS numbers: 13. 75. Lb, 12.39.-x, 21.45. +v, 11.30.Rd 



I. INTRODUCTION 

Since its discovery in 1982 [IJ, the /o(1710) has at- 
tracted a lot of discussions and debates on its structures 
a-Q . In literature, it has ever been explained as glue-ball 
2], KK excited state [slIJ], alinear composition of i^*.K'* 
and ujcj) ^], et al.. In Ref. [6||, the authors performed a 
systematic study of vector meson-vector meson interac- 
tion using a chiral unitary approach, and the /o(1710) 
is found to be a dynamically generated resonance domi- 
nated by K*K* state. 

An bjcj) near-threshold enhancement has been reported 
by the BES-II Collaboration in 2006 in J/ip ^ jX ^ 
•jujcj) reaction [7|. The partial wave analysis shows that 
this state, called X(1812), favors J^ = 0"*", and its 
mass and width are M = I8I2I26 ± 18 MeV and T = 
105 ± 20 ± 28 MeV. There are many explanations for 
this state in literature |8l-[l7[. such as tetraquark state 
[1,11, hybrid [H, glue-ball[ll| , et al. (See Ref. [l^ for 
a review) . Recently the Belle Collaboration has also per- 
formed a search for A'(1812) in the decay B^ -^ K^uxj), 
but no evidence for the existence of Ar(1812) state has 
been reported (iSj . 

In Ref. [i^ , the authors has examined the intermediate 
meson re-scattering contributions to the J/-0 — >■ ^X — > 
^ujcf) process by assuming that X = /o(1710) with a mass 
at 1.74—1.81 GeV. It is found that the contributions from 
K* K* re-scattering can produce some enhancement near 
the uj4> threshold, while the other intermediate meson re- 
scatterings, such as KK and kk re-scatterings, are found 
to be small. 

Since the structures of /o(1710) and Ar(1812) are 
still unclear, and moreover, from the points of view of 
Refs. [ilil, the structures of both /o(1710) and A:(1812) 
are related to K*K* and uj4> states, it would be interest- 
ing and helpful to perform a dynamical coupled-channel 
study of the K*K* and llk/) interactions within an ap- 
proach other than the chiral unitary approach as used in 
Ref. 0. 

The chiral SU(3) quark model and the extended chi- 



ral SU(3) quark model have been widely used in the past 
few years and considerable achievements have been made 
in studying the hadron-hadron interactions 20l43l|. In 
the chiral SU(3) quark model, the quark-quark interac- 
tion contains confinement, one-gluon exchange (OGE) 
and boson exchanges stemming from scalar and pseu- 
doscalar nonets, and the short range quark-quark inter- 
action is found to be provided by OGE and quark ex- 
change effects. In the extended chiral SU(3) quark model, 
the coupling of the quark and vector meson fields is in- 
cluded, and the OGE that plays an important role in 
the short-range quark-quark interaction in the original 
chiral SU(3) quark model is now nearly replaced by the 
vector meson exchanges (VMEs). In other words, the 
short range interaction mechanisms are quite different in 
these two models. During the past few years, the chiral 
SU(3) quark model and the extended chiral SU(3) quark 
model have been quite successful in reproducing the en- 
ergies of the baryon ground states, the binding energy 
of deuteron, the NN and KN scattering phase shifts, 
and the YN cross sections [20l - [23 |. When applied to the 
systems of NN, AK, KK and Y.K [2l-[25], those two 
models are found to give similar results and thus OGE 
or VMEs for short range interaction mechanism is indis- 
tinguishable. Recently in a preliminary combined study 
of KN and KN interactions it is found that those two 
models might give different contributions [30, [3l| . Based 
on these achievements we have obtained, it is interesting 
to study more hadron-hadron systems within the chi- 
ral SU(3) quark model and the extended chiral SU(3) 
quark model in order to get more information about the 
shout range quark-quark interaction mechanisms and to 
see how far we can go with these two models. 

In this work, we perform a dynamical coupled-channel 
study of the K*K* and uj(p states with isospin / = 
and spin-parity J^ = 0+, 1+ and 2+ within both the 
chiral SU(3) quark model and the extended chiral SU(3) 
quark model by solving a RGM equation. All the model 
parameters are taken from our previous studies of AK, 
KK, T,K, N(j), EK, and fin systems [li,!!^-!!!, and we 



don't have any free adjustable parameters here. Our re- 
suhs show that the interactions of K*K* are attractive, 
and in spin S — Q channel a bound state is obtained in 
the extended chiral SU(3) quark model with the energy 
of about 1720 — 1727 MeV, which is consistent with the 
explanations that /o(1710) is a dominated K*K* state, 
similar to the results from Ref. [6], and the X(1812) ob- 
served in J /ip -^ ^X — >■ ^u)(j) might be mainly from the 
effects of the tail of /o(1710) through K*K* re-scattering 
process, as pointed out in Ref. ^^. The results for K*K* 
states with spin S — 1 and S = 2 are also shown and dis- 
cussed. 

The paper is organized as follows. In the next sec- 
tion, the framework of the chiral SU(3) quark model and 
the extended chiral SU(3) quark model are briefly in- 
troduced. The results for the K*K* and LU(f) states are 
shown and discussed in Sec. III. Finally, the summary is 
given in Sec. IV. 



II. FORMULATION 

Both the chiral SU(3) quark model and the extended 
chiral SU(3) quark model have been widely described in 
the literatures [2l|, [2J, [23, and we refer the reader to 
those works for details. Here we just show the salient 
features. 

In both models, the total Hamiltonian of meson-meson 
systems can be written as 

H = J2T,^TG + Vu + V^i + ^Vf^, (1) 

where Tq is the kinetic energy operator for the center-of- 
mass motion, and V13, V54 and V^j represent the quark- 
quark, antiquark-antiquark and quark-antiquark interac- 
tions, respectively. V13 is expressed as 
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where V^*^^ is the OGE interaction and 1^™"^ the con- 
finement potential. Vf^ represents the effective quark- 
quark potential induced by one-boson exchanges. In our 
original chiral quark model, Vf^ includes the scalar boson 
exchanges and the pseudoscalar boson exchanges. 
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and when the model is extended to include the vector 
boson exchanges, Vf^^ can be written as 

8 8 8 

Vit = E ^-» (^^^ ) + E ^-» (^^^- ) + E ^p» ("-^^ ) • (4) 
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Here ao,---jCrs are the scalar nonet fields, 7ro,..,7r8 the 
pseudoscalar nonet fields, and po,..,ps the vector nonet 
fields. The expressions of these potentials can be found 
in the literatures HH, [13, [111 . 



V24 in Eq. (1) represents the antiquark-antiquark in- 
teraction, 

^24 = Vi'''' + V^r' + Vg, (5) 



where V^'^^ and V^^'^^ are obtained by replacing A^j; • A3 
in Eqs. (3) and (4) with A^* • A", and V^^ is in the same 

form as Vi2- 

Vfj in Eq. (1) represents the quark-antiquark interac- 
tion. 
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where K?*^^ and K™"* are obtained by replacing the 
A^ • A§ in Eqs. (3) and (4) with -X^ ■ A*?*, and V^^ can 
be obtained from the G parity transformation: 
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with (—1)'-^'' being the G parity of the fcth meson. 

All the model parameters are taken from our previ- 
ous works [25l - l29| and their values are listed in Table I, 
where the first set is for the original chiral SU(3) quark 
model, the second and third sets are for the extended 
chiral SU(3) quark model by taking /chv/<?chv as and 
2/3, respectively. Here ^chv and /chv are the coupling 
constants for vector coupling and tensor coupling of the 
vector meson fields, respectively. 6„ is the harmonic- 
oscillator width parameter, and m^^^i^ and nia the u{d) 
quark and s quark masses, gu and g^ are the OGE cou- 
pling constants and ijch the coupling constant for scalar 
and pseudo-scalar chiral field coupling. m„ is the mass 
for a meson and a'^ represents the strength of the con- 
finement potential. All these three sets of parameters can 
give a satisfactory description of the masses of the baryon 
ground states, the binding energy of deuteron, and the 
NN scattering phase shifts. 

With all parameters determined, the K*K* state can 
be dynamically studied in the framework of the RGM. 
The wave function of the K*K* system is of the form 



^ = A[i:K-{^l)^K'{i2)x{RK'K^)]. 



(8) 



where ^1 is the internal coordinates for the cluster 
K* , and ^2 the internal coordinate for the cluster K* . 
R^tj^t = Rk* — Rr* is the relative coordinate between 
the two clusters, K* and K* . The ijjk* is the inter- 
nal wave function of K* , as well as i^x* is the internal 
wave function of K* , and xi^K* k*) i^ the relative wave 
function of the two clusters. The symbol A is the anti- 
symmetrizing operator defined as 

(9) 



^^(1-Pl3)(l + Pi,.i?.)- 



Expanding unknown x{Rk'K*) by employing well- 
defined basis wave functions, such as Gaussian functions, 
one can solve the RGM equation for a bound-state prob- 
lem or a scattering one to obtain the binding energy or 
scattering phase shifts for the two-cluster systems. The 
details of solving the RGM equation can be found in 
Refs. m-H. 



TABLE I: Model parameters. The meson masses and the 
cutoff masses: m^, = 980 MeV, m^ = 980 MeV, m, = 980 
MeV, m^ = 138 MeV, rriK = 495 MeV, m^ = 549 MeV, 
rrir,, = 957 MeV, rrip = 770 MeV, m^- = 892 MeV, m„ = 782 
MeV, TO^ = 1020 MeV, and A = 1100 MeV. 
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-36.2 
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III. RESULTS AND DISCUSSIONS 

As discussed in the Introduction, the structures of 
/o(1710) and X(1812) are still unclear, but from the 
points of view of Refs. [a, [l3], they both are related to 
K*K* and uicj) states. It is straightforward that a dynam- 
ical coupled-channel study of the K*K* and llkJ) states 
within an approach other than the chiral unitary ap- 
proach as used in Ref. f6[ would be interesting and helpful 
with the understanding of the structures of /o(1710) and 
X(1812). 

The chiral SU(3) quark model and the extended chi- 
ral SU(3) quark model have been quite successful in de- 
scribing the data for NN , YN, KN, and KN scattering 
processes in the past few years [20l - [24l . ISO . Isij . In the 
present work, we perform a RGM dynamical study of the 
S'-wave K* K* systems with isospin / = and spin-parity 
J^ = 0+, 1+ and 2+ within our chiral quark models. All 
the model parameters are taken from our previous work 
[25l - [2g | , and with which a good description of the energies 
of octet and decuplet baryon ground states, the binding 
energy of deuteron, and the NN scattering phase shifts 
has been achieved [20, UM ■ 

First we would like to show and discuss the results 
from a single-channel calculation. Figure 1 shows the 
results of diagonal matrix elements of the Hamiltonian 
for K*K* systems with spin-parity J^ = 0+, 1+ and 2+ 
in the generator coordinate method (GCM) [32] calcula- 
tion, which can be regarded as the effective Hamiltonian 
of two clusters K* and K* qualitatively. In Fig. 1, H 
includes the kinetic energy of K*K* relative motion and 
the effective potential between K* and K* , and s denotes 
the generator coordinate which can qualitatively describe 
the distance between the two clusters. The solid, dash- 



160 


\ 


1 1 1 1 1 


' 1 ' 






- 


\ 


/ = 0^ 


- 


80 


- 


\ 




- 







\ 








\ ". ^-■■s^ ^-— --r^''^ 


- — 








\ ' ..-' 






-80 


- 






- 




" 


^■^ 




" 


-160 


- 






- 


160 












- 




/ = r 


- 


^ 80 




\ 




_ 


> 




\ 









- 


\ 




- 


^ 




\ 








\ 


-n*-*" 




A 


- 






- 


^ -80 


X 






- 




- 


^ ■■.../■ 




- 


-160 


~ 


N.^,^' 




~ 


160 


_ 






_ 




- 




/=2^ 


- 


80 


- 






- 



































\^ ^^'-^ 






-80 


~N 


. '/ 




- 




- 






- 


-160 


— 


, r'', 1 , 


1 1 1 


— 



0.0 0.5 1.0 1.5 2.0 2.5 

s(fm) 



FIG. 1: The GCM matrix elements of the Hamiltonian for 
K*K* . The solid, dash-dotted and dotted lines represent the 
results obtained in models I, II and III, respectively. 



dotted and dotted lines represent results calculated by 
using those three sets of parameters as depicted in Ta- 
ble 1. From Fig. 1, one sees that the K*K* interaction 
is always attractive in the medium and long range for all 
spin cases and for all those three sets of parameters. One 
also sees that the attraction is weakest in Model I, i.e. 
the chiral SU(3) quark model, while the attractions are 
much stronger in Models II and III, i.e. the extended chi- 
ral SU(3) quark model with the ratio of tensor coupling 
and vector coupling for vector meson fields /chv/^chv = 
and 2/3 respectively. This is simply because in the ex- 
tended chiral SU(3) quark model, the VME has been 
included, which provides additional attraction from p- 
exchange other than the attraction from a exchange in 
the original chiral SU(3) quark model. 



TABLE II: The binding energy of K* K* with isospin 7 = 
in one-channel calculation (MeV). 
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In order to see whether the K*K* attraction can re- 
sult in a bound state or not, we have solved the RGM 
equation for a bound state problem. The binding en- 
ergies of K*K* for all spin cases in all the models are 
shown in Table II. One sees that in model I, i.e. the 
original chiral SU(3) quark model, the K*K* states are 
unbound for both spin S = and S = 1 channels due to 
the insufhcient attractive interaction, while in models II 
and III, i.e. the extended chiral SU(3) quark model with 
/chv/ffchv = and /chv/ffchv = 2/3, the K*K* states are 
bound with the binding energies of about 28 and 16 MeV 
for 5' = and 61 and 42 MeV for S' = 1, respectively. 
The K*K* states with spin S = 2 are always bound in 
all those three models, with the binding energies of about 
11—71 MeV. The above binding information can be qual- 
itatively understood from Fig. 1. There, one sees: (1) the 
K*K* attractions in models II and III are much stronger 
that those in model I, and (2) the attractions of K*K* 
with spin S — 2 are much stronger that those with spin 
S' = and S* = 1. 

Further analysis shows that the K*K* interaction is 
dominated by cr, tt and p exchanges. For spin 5 = 
and S* = 1 cases, in the chiral SU(3) quark model, a 
exchange provides strong attraction and tt exchange pro- 
vides strong repulsion, and the sum of these two is weakly 
attractive. Thus, no K*K* bound state can be obtained 
due to the insufficiency of the attraction. In the extended 
chiral SU(3) quark model, the coupling of quark and vec- 
tor meson fields is included, which provides additional 
strong attraction from p exchange other than the contri- 
butions from a and tt exchanges. As a consequence, spin 
S = and S = 1 K*K* bound states are obtained in 
this model since now the strengths of the attractions are 
sufficiently strong. For spin S = 2 case, the tt exchange 
provides attraction for K*K* interactions, instead of re- 
pulsion as in the spin S — Q and S — 1 cases. As a re- 
sult, K*K* bound states are obtained in all the models 
and the corresponding binding energies are considerably 
larger than those for K*K* states with spin 5 = and 
5 = 1. 

The study of K*K* elastic scattering processes has 
also been performed by solving the RGM equation. The 
calculated 5-wave K*K* phase shifts are shown in Fig. 2 
as a function of K*K* center of mass energy subtracted 
by the K*K* threshold energy. One sees that the phase 
shifts are always positive, denoting attractive K*K* in- 
teractions, in different models and spin channels. One 
also sees that the magnitude of the phase shifts are higher 
for all spin channels in the extended chiral SU(3) quark 
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FIG. 2: K*K* S-wave phase shifts as a function of the energy 
of the center of mass motion in the one-channel calculation. 
Same notation as in Fig. 1. 



model than those in the chiral SU(3) quark model, which 
indicates the more attractive interaction in the extended 
chiral SU(3) quark model. Note that in the chiral SU(3) 
quark model the magnitude of the phase shifts for spin 
5 = 2 channel is much higher than those for spin 5 = 
and 5 = 1 channels, which indicates that the interac- 
tion of K* K* with spin 5 = 2 is much more attractive 
than those with 5 = and 5 = 1. We mention that all 
these information from Fig. 1, Table II and Fig. 2 about 
the K* K* interaction properties are consistent with each 
other. 

In Ref. [33 we have studied the uxp system and the re- 
sults show that although the ujcj) interaction is attractive 
in intermediate and long ranges, no uxp bound state or 



200 




TABLE III: The binding energy of K*K* with isospin 7 = 
in coupled-channel calculation (MeV). 
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FIG. 3: K* K* S-wave phase shifts as a function of the energy 
of the center of mass motion in the coupled-channel calcula- 
tion. Same notation as in Fig. 1. 



resonance state can be obtained within our chiral quark 
models. 

Since the threshold of uxp is only 18 MeV higher than 
that of K*K* ^ the channel-coupling effect of these two 
channels is expected to be large and unnegligible. This ef- 
fect is investigated here by dynamically solving coupled- 
channel RGM equations for the scattering problem and 
for the bound state problem. The calculated K*K* scat- 
tering phase shifts in each channel and each model are 
shown in Fig. 3, and the corresponding K*K* binding 
energies are shown in Table IIL Comparing Fig. 3 with 
Fig. 2, we see that for spin S — Q and S — 2 cases 
the channel coupling of K*K* and uj(j) makes the K*K* 
phase shifts get much higher in the magnitude, while for 
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spin 5* = 1 case, the K*K* and uj4> channel coupling 
does not cause visible effects on the K*K* phase shifts. 
Based on this one may expect that when the channel 
coupling of K*K* and uxj) is considered, for spin S = 
and S = 2 cases the K*K* binding energies will get much 
bigger than those from a single-channel calculation, while 
for spin 5* = 1 case, the K*K* binding energy will not 
change too much. These features are clearly manifested 
by the numerical numbers of the K*K* binding energies 
from a coupled-channel calculation as shown in Table III, 
where a 5 — 45 MeV deeper binding energy is shown as 
coming from the K*K* and UKp channel coupling effects. 

In Ref. J3], the vector meson- vector meson interaction 
has been studied on the hadron level within the chiral 
unitary approach. In isospin / = and spin S = Q chan- 
nel, a dynamically generated resonance with the mass 
around 1726 MeV is reported. This state is dominated 
by K*K* state. In our calculation, we see from Table 
III that in the chiral SU(3) quark model where the short 
range quark-quark interaction is dominated by OGE, the 
K*K* state is unbound, while in the extended chiral 
SU(3) quark model where the short range quark-quark 
interaction is dominated by VME, the K*K* is bound 
with a corresponding K*K* energy of about 1720 — 1727 
MeV. This means that the attractions stemming from 
the VMEs play an important role in the forming of the 
spin S — Q K*K* bound state, which is similar to the 
results from Ref. [y], where the K*K* interactions are 
dominated by VMEs. Of great interest is that we get 
similar energies for the spin S = K*K* states even us- 
ing different methods, i.e. constituent quark model and 
chiral unitary approach. 

In Ref. [i], the isospin 7 = and spin 5 = K*K* 
state is identified by /o(1710) since the experimental val- 
ues of both the mass and the width of /o(1710) are consis- 
tent with their theoretical values. The branching ratios 
are also discussed there. In our present work, the ob- 
tained mass of the isospin 7 = and spin S — K*K* 
state is really consistent with the experimental mass of 
/o(1710). We would need to study the decay widths and 
the branching ratios for this state in future for further 
identification of this state with /o(1710). 

In Ref. 19|, in order to understand the ujcj) near thresh- 
old enhancement, i.e. the so-called X(1812), the authors 
has examined the intermediate meson re-scattering con- 
tributions to the J/ip -^ 7X -^ ^(jjcj) process by assuming 
that X = /o(1710) with a mass at 1.74 - 1.81 GeV. It is 
found that the contributions from K*K* re-scattering do 
produce some enhancement near the uxf) threshold. Our 
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will be needed to further test the model dependence of 
the results for this channel. 

In Ref. [3g|, BES collaboration has reported a broad 
0~ resonance with mass M = 1800 MeV and width F = 
500 ± 200 MeV on the decay J/-0 -^ jK*_K*. Here we 
have performed a study of the P-wave K*K* states. The 
calculated phase shifts are shown in Fig. 4. One sees that 
although positive, the phase shifts arc relatively small in 
the magnitude, which indicates that the P-wave K*K* 
interaction is attractive but the strength of the attraction 
is very week. Further we have solved the RGM equation 
for bound state problem, and the results show that there 
are no K*K* P-wave bound state or resonance state in 
our model. 



IV. SUMMARY 



FIG. 4: K*K* P-wave phase shifts as a function of the energy 
of the center of mass motion. Same notation as in Fig. 1. 



previous work [35j and the present work show that there 
is no llkJ) bound state or resonance state, but there is an 
isospin 7 = and spin S — K*K* bound state with 
the energy of about 1720 — 1727 MeV, which couples rel- 
atively strong to UKp. This provides some sort of support 
for the X(1812) observed in cocf) channel being from the 
effects of the tail of /o(1710) through K*K* re-scattering 
process, as pointed out in Ref. ^19J. Future work about 
the decay processes needs to be done for further clarifi- 
cation. 

For_isospin 7 = and spin S — 2 channel, in 
Ref. (|, the dynamically generated resonance with the 
mass around 1525 MeV is reported. This state couples 
to K*K*, uj(j), (j)4>, pp and uju channels, and is identi- 
fied with the /2(1525) resonance. In the present work, 
our results listed in Table III show that in this channel 
the K*K* states are bound with the energies of about 
1684—1729 MeV. The (fxf), pp and lolxj channels need to be 
included in our next-step work for a further comparison 
with the results from Ref. [y|. 

For isospin 7 = and spin S = 1 K*K* system, our 
results listed in Table III show that there is no bound 
state in chiral SU(3) quark model, but there are bound 
states in the extended chiral SU(3) quark model with the 
corresponding K*K* energies being 1715 — 1738 MeV. 
In Ref. [6], the pole position in this channel is found 
to be at 1802 — i39 MeV, which is slightly above the 
K*K* threshold. Investigations from other approaches 



In this work, we have performed a dynamical coupled- 
channel study of the K*K* and utcj) states with isospin 
7 = and spin S — 0, 1, and 2 in the chiral SU(3) 
quark model as well as in the extended chiral SU(3) quark 
model by solving the RGM equation. All the model 
parameters are taken from our previous work, which 
can give a satisfactory description of the energies of the 
baryon ground states, the binding energy of the deuteron, 
and the NN scattering phase shifts [20, [23|. The cal- 
culated results show that the interactions of K*K* are 
attractive, and in spin 5 = channel a bound state is 
obtained in the extended chiral SU(3) quark model with 
the energy of about 1720 — 1727 MeV, which is consis- 
tent with the explanations that /o(1710) is a dominated 
K*K* state, similar to the results from Ref. f6!|, and the 
X(1812) observed in J /ip -> ^X — > 7^0 might be mainly 
from the effects of the tail of /o(1710) through TiT*/^* 
re-scattering process, as pointed out in Ref. [l^- The 
K*K* bound states with spin S — \ and S = 2 are also 
obtained. More studies about the decay properties will 
be performed in our future work for further clarification 
of these K*K* states. 
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